ABSTRACT One of the root causes of lithium battery failure is lithium dendrite formation. Dendrites can result in internal short circuits and ultimately thermal runaway, fires, and explosions. Unfortunately, it has been difficult to study dendrites due to an inability to conduct in-situ observations. This paper presents an in-situ observation approach, consisting of an optically transparent lithium battery cell to observe dendrite growth evolution while concurrently monitoring the electrical characteristics of the cell under various current densities.
I. INTRODUCTION
Safety is a significant concern in electronic products powered by lithium-ion batteries, in spite of technological improvements in lithium-ion battery chemistry and design [1] , [2] . One cause of thermal runaway, fires and explosions is lithium dendrites [3] , [4] . A lithium dendrite is a metallic microstructure that is formed on the anode and will grow toward the cathode, typically during the battery charging process. Once the dendrite connects two electrodes, it will enable the current to pass through, thus heating the surrounding organic materials and triggering an exothermic reaction, often leading to thermal runaway [5] , [6] .
The investigation of dendrites is challenging because their evolution is the result of a combination of different factors, including electrolyte composition [7] - [10] , ambient temperature [11] - [13] , and current density [14] - [18] . The joint effects of these factors is expected to cause different lithium dendrite growth rates and morphologies.
Electrolyte composition is expected to have a significant impact on dendrite formation because it affects the composition of the solid electrolyte interphase (SEI) layer where dendrites initiate. Jeong et al. [7] found the SEI formed in propylene carbonate (PC) electrolyte with higher LiN(SO 2 C 2 F 5 ) 2 concentrations can retard dendrite growth and improve the cycling efficiency. Liu et al. [19] showed their co-doped electrolyte can delay dendrite growth compared with several other composite solid polymer electrolytes. Mogi et al. [20] tested the dendrite blocking effect of PC-based electrolyte with different organic additives. They found that electrolyte with fluoroethylene carbonate (FEC) improved the battery life of the sample with the lithium-metal anode.
In terms of temperature dependencies on dendrite growth, Love et al. [11] studied dendrite growth on symmetric Li cells in the electrolyte of EC:DMC (ethylene carbonate and dimethyl carbonate) with 1 M LiPF 6 at three temperatures (−10, 5, and 20 • C). All the three samples were charged using a constant current of 5 mA/cm 2 . They observed dendrites having a mushroom-shaped structure at −10 • C and a needle-like shape at 5 • C and 20 • C. Aryanfar et al. [21] conducted constant charging tests on symmetric Li cells in the electrolyte of PC with 1 M LiClO 4 at 21, 48, and 70 • C, respectively. Comparing the average dendrite lengths from all the three samples tested using a constant charge current of 2 mA/cm 2 , they observed that dendrite grew more slowly at higher temperatures. They attributed this phenomenon to a thermal relaxation effect, which facilitates the diffusion of lithium atoms diffuse from the protruding part to flat section. Akolkar [12] also mathematically modeled dendrite growth. The model-based simulation provides an estimate of the dendrite growth rate ratio, which is defined as the ratio of the localized current density at dendrite tip to the current density of the flat electrode. That is when this ratio reaches to a predetermined temperature threshold, the dendrite growth will transit from the stage of suppressed growth to the stage of uncontrolled dendritic growth. In a temperature range of −25 • C to 25 • C, the author examined his model with the parameters of electrolyte EC:DMC with LiPF 6 . The model is a function of current density ranging from 2 to 22 mA/cm 2 , and the critical temperature gradually increases when the current density increasing.
The effect of current density on dendrite growth rate, was studied in the electrolyte of PC:DMC with 1 M LiPF 6 by Akolkar [14] , who found that the dendrite growth rate can be estimated by the local current density at the dendrite tip which is a function of flat surface current density and tip radius. Orsini et al. [22] conducted dendrite growth tests on three different types of electrode: lithium, copper, and graphite, under galvanostatic condition up to 2.6 mA/cm 2 : 0.22, 0.45, and 0.9 mA/cm 2 for lithium; 0.45 and 2.6 mA/cm 2 for copper; less than 0.1 mA/cm 2 for graphite (exact value not reported). Among their test results, increasing of current density leads to the lithium dendrite morphology from ''moss'' (mossy) to ''bulge'' (shaper than mossy, but not dendritic) to ''dendrite'' (dendritic). Seong et al. [15] employed the ''total amount of discharge'' (discharge coulombs) as an indicator to quantify the current density effect on the lithium powder electrode. The electrolyte of EC:DMC with 1 M LiClO 4 were used and samples were tested under galvanostatic condition at 0.2, 0.5, 1, 2, and 5 mA/cm 2 . Brissot et al. [8] studied the dendrite growth in symmetric lithium cells at 80 • C in the polymer electrolyte which is the combination of poly(ethylene oxide) and LiN(CF 3 SO 2 ) 2 . Samples were tested under galvanostatic condition at 0.03, 0.05, 0.1, and 0.7 mA/cm 2 . According to the difference of the dendrite growth onset time, current densities were classified into two regions (separated at 0.18 mA/cm 2 ) where the formed dendrites have different morphologies.
To observe the dendrite behavior, techniques such as scanning electron microscopy (SEM) [22] and nuclear magnetic resonance (NMR) [23] have been employed. However, these methods are not able to provide the in-situ monitoring to establish the relationship between dendrite growth and electrical signals. Aryanfar et al. [24] developed a cylindricalshaped optical sample to study ''dead lithium'' formation in the cycling process, but this type of cylindrical observation window causes image distortion and requires image pretreatment. Steiger et al. [25] constructed a micrometer-level optical sample to observe the behavior of a single dendrite in the cycling process. The dendrite growth direction captured in their work was attributed to the change in the growth point among the dendrite tip, bottom, and kink. However, the theory may not be suitable to explain the dendrite growth direction change in millimeter scale. Love et al. [11] implemented a dendrite observation using an optically transparent cell, which will avoid the weakness of the design in [24] and [25] . Our work follows the work of Love et al. with some improvements. In addition, we use the cell fixture to study additional cell parameters leading to dendrite growth.
Current theory about lithium dendrite formation regarded this phenomenon as a direct result of nonuniform current distribution on the electrode. However, the understanding of the dynamics of dendrite formation is still lacking. For instance, there is a debate about the reason the dendrite growth direction changes in the charging process. Nishida et al. [18] attributed this phenomenon to the accumulated residual stress in the dendrite growth process, whereas Steiger et al. [25] regarded the dendrite growth point change as the reason. As noted, the previous work on dendrites growth involved electrolyte optimization as well as study on the temperature and current effects. The applied current densities are less than 3 mA/cm 2 . However, in practice, the localized current density on the dendrite tip can reach up to 100 mA/cm 2 [14] . In order to evaluate dendrite growth mechanisms within a broader range of current density higher current than the existing studies should be included.
In this work, an optically transparent battery cell was developed for in-situ observation of dendrite growth. The experimental setup, materials, and the in-situ observation equipment are introduced in Section 2. The dendrite images collected under different current densities and the corresponding current and voltage data are presented in Section 3. Test results are analyzed and discussed in Section 4, followed by conclusions in Section 5.
II. EXPERIMENTAL SETUP AND TEST PARAMETERS
An optical cell was developed in which we placed a symmetric lithium cell consisting of two lithium electrodes and a liquid electrolyte. The electrolyte was composed of 1 M LiPF 6 in EC:DMC (1:1 v/v). The lithium electrodes ( Fig. 1) were sandwiched between two transparent quartz windows. Only the rectangular cross-section of the electrode was exposed to the electrolyte, which is the reaction area of the cell. Once the current was applied, the lithium ions generated at the positive electrode will be reduced at the negative electrode. This process represents the dendrite growth in a battery. All the test samples were assembled in a glovebox. Galvanostatic tests were conducted under an ambient condition (around 25 • C) at current densities ranging from 10 to 125 mA/cm 2 , using an Arbin BT 2000 battery tester. The selected current density range covered most of the possible lithium dendrite growth scenarios. The current densities were calculated based on the applied current and the electrode cross-section area. The optical images were collected using a digital microscope, and voltage/current signals were continuously recorded. ImageJ software was used to analyze the optical images and to measure the length changes of the lithium dendrites. Fig. 2 shows the dendrite that formed on the upper part of the negative electrode when the initial average current density was 10 mA/cm 2 . The local electrical field is likely to bias the lithium dendrite initiation position, and in this case, a rightangle corner is a preferential spot due to its higher electric field intensity. The electric field was concentrated around the dendrite tips because of their higher aspect ratio. The first formed lithium dendrite changed the geometry and the electrical field distribution of the negative electrode. Thus, the dendrite tips have higher electrical field intensity than the rest of the flat electrode, and dendrite growth was enhanced at the preferential spot in the following charging process.
III. EXPERIMENTAL RESULTS
The sharp voltage drop at 7.3 h in Fig. 2 indicates an internal short circuit. At the same time, the grown dendrite filled the gap between the positive and negative electrodes and connected them. The voltage recovered 0.3 h later to 0.1 V. A similar voltage recovery phenomenon was reported by Dollé et al. [26] . They observed a burnt mark in their sample in which the voltage recovery was attributed to the current-caused dendrite tip damage. In this theory, the dendrite connecting two electrodes was regarded as a fuse. Once the two electrodes were connected, the current could go through the connecting point and cause a temperature rise that breaks the connection. The voltage recovery lasted about 1 h. However, under the constant current charging condition, the lithium dendrite kept growing toward the positive electrode and connected two electrodes again at 8.1 h, which made the voltage drop to zero. As shown by the dendrite images at 7.3 h and 9 h, the shape of the formed dendrite did not change for about 2 h. The dendrite growth stopped after the internal short circuit. The solid connection between the two electrodes was established, and the voltage remained stable after the second voltage drop (at 8.1 h).
The lithium dendrite grew in the transverse direction as well as toward the positive electrode when the applied current density was 40 mA/cm 2 . As shown in Fig. 3 , at 0.5 h, dendrites initiated mainly at three different spots (circled in Fig. 3(a) ) along the edge of the negative electrode. There was no significant dendrite growth between two adjacent spots. After 2 h, lithium dendrites spread along the edge of the negative electrode, and the lithium dendrites at the initiation spots are longer. An internal short occurred at 3.8 h with a voltage drop, however, the voltage did not drop to zero. This phenomenon is called a ''soft internal short'' because the dendrite structure at such a high current density appears to be a cluster of big lithium particles, and loosely structured lithium dendrites are fragile and easy to break. Thus, in this situation, the voltage recovery may be a result of mechanical stress as well as the above-mentioned heating effect. Fig. 4 shows dendrite growth at 87 mA/cm 2 . The dendrites initiated at the electrode corners are similar to the tests at 10 mA/cm 2 . After 1 h, the dendrites gradually extended to the middle part of the electrode. Based on continuous observation, the dendrites in the middle are the extension of the dendrites initiated at the corners. However, the growth rate of the dendrites in the middle is lower than those at the corners. Although it seems the dendrite already connected the two electrodes at 1 h, the corresponding voltage data in Fig. 4 shows the voltage drop occurred at 2.1 h. This time variation is due to the fact that the dendrites did not grow in the same plane. It is possible that the positive electrode and the dendrite tips in the image at 1 h were located in two different planes and seemed overlapped when the image was taken. The real connection was built up at 2.1 h and caused the internal short circuit before the electrode connection, the voltage was stabilized around 0.6 V from 0.5 to 2.1 h as shown in the voltage curve. At 2.1 h, due to the dendritecaused internal short circuit, the current carrier changed from ions in the electrolyte to the electrons in the metallic dendrite structure. The resistance of metal is much lower than the conductive electrolyte, and the switching caused the voltage to drop sharply. If only the cell voltage is monitored but the dendrite images are not available, there will be no significant sign of dendrite growth until the sharp voltage drop in the voltage data. Fig. 5 shows the dendrite growth at 95 mA/cm 2 . At 0.5 h, the initial dendrites formed and covered the electrode edge as shown in Fig. 5(a) . In this test, the initial dendrites along the edge were not formed at the same time. The initial lithium dendrite had a slightly different length due to the growth time variation. The dendrites initiated earlier are longer and have a higher aspect ratio than the rest. As mentioned in the previous tests, these longer dendrites were the favorable growth spots in the following charging process because the electrical field intensity was higher around them. The earlier growth retained the geometrical advantage. At 1.5 h, several needle-like dendrites presented and grew faster than the other flatly deposited lithium. This result is consistent with Brissot et al.'s paper [8] where the formed lithium dendrite grew at several points and has needle-like morphology. These needle-like dendrites led to the first internal shorts. The voltage curve had a drop at 1.5 h, indicating the occurrence of internal short circuit. At 1.5 h, there was a transient increase in the current data. This phenomenon further validates our understanding of the soft internal shorts, which usually do not last long. Therefore, although the voltage recovered, the first voltage drop should be regarded as a warning sign of internal short circuit. In Fig. 6 , the dendrites changed from the mossy growth into the needle-like form when the cell was charged at 110 mA/cm 2 . Initially, the dendrite was deposited all along the electrode edge. At around 30 min, there were two needlelike dendrites that connected the two electrodes, which was confirmed from the voltage curve. The formation of the needle-like structures hastened the internal short circuit process.
Test observations conducted at 125 mA/cm 2 are shown in Fig. 7 . The dendrite initiated at the electrode corners and the middle, which indicates the electrical field intensity at the middle part of the electrode is now comparable with that at the electrode corner. Also, the electrode geometry influence is weaker than the previous tests. The cell voltage kept increasing from the start of the test, which is due to the cell polarization. Charging at 125 mA/cm 2 , the ion movement in the electrolyte reaches its maximum limitation but the mass transfer in the electrolyte is lower than the charge transfer on the electrode. In other words, the mass transfer step is now the controlling step and limits the total reaction speed. The accumulated charges on the electrodes prevented the voltage from stabilizing around a certain value but increased, which was different from the voltage data in previous tests. 
IV. ANALYSIS OF DENDRITE GROWTH AT VARIOUS CURRENT DENSITIES
The growth rate of the dendrites under different current densities was calculated by dividing the dendrite length by the elapsed time until the first voltage drop to evaluate the average dendrite growth rate under certain current densities (see Table 1 ). In Table 1 , the initial current density is the average current density calculated at the beginning of the test. Fig. 8 and reflect the relationship between overpotential and current density. The Tafel line gradually turns to parallel with the x-axis at about 100 mA/cm 2 . Once beyond the limiting current density, higher current density will not increase the dendrite growth reaction but only the voltage. The increasing tendency of the voltage data shown in Fig. 7 proved this finding and indicates 125 mA/cm 2 is already beyond the limiting current density. In that test, the voltage increased higher than the upper limit (3.0 V) after only 12 min, and the test was stopped. In consideration of the LSV test result and the 125 mA/cm 2 test result, one reasonable estimation of the limiting current density for EC:DMC 1 M LiPF 6 electrolyte is in the range of 100 to 125 mA/cm 2 . During the constant current charging process, both the realtime dendrite images and the corresponding electrical signals were collected until an internal short circuit occurred. The sharp voltage drop indicated an internal short circuit, which was cross-checked with the dendrite images. The time to the first voltage was considered as the elapsed time before the internal short circuit. The corresponding growth rate was calculated based on the length change of the formed dendrites.
The dendrites that grew under different current densities have different growth rates and morphologies. The time when the dendrite length was equivalent to half of the gap between the two electrodes are summarized in Table 1 . Based on the time to half of the gap, the estimated times to the first voltage drop are compared with the actual times to the first voltage drop. The results are plotted in Fig. 9 . At 10 and 100 mA/cm 2 , the estimated values match the actual ones. However, in the middle part, the estimated times are faster than the actual ones owing to the different growth processes. At 10 and 110 mA/cm 2 , the dendrites grew in the same morphology from the start of the test until the end. They all grew directly toward the positive electrode. However, when the current density was in the middle range, they grew in the transverse direction.
The growth rates are plotted against the current densities in Fig. 10 . As expected, with the increase in current density, the time to the first voltage drop decreases. The internal short circuit process is hastened with the increased current densities, which is due to the dendrite morphologies change. The needle-like structures shown at higher current densities have a higher aspect ratio than the mossy dendrite and can connect the two electrodes in a shorter time. After 95 mA/cm 2 , the dendrite growth rate is not only higher than the previous test results, but also the curve slope is also steeper. This is due to the change in dendrite morphologies as previously discussed. Previously, the dendrites initiated at the corners of the negative electrode and extended in the transverse direction as well as grew toward the positive electrode. However, with the increase in current density, the dendrite that initiated along the electrode edge and gradually switched to needle-like structure grew toward VOLUME 6, 2018 the positive electrode directly. In the test at 125 mA/cm 2 , the initiated dendrite was already in the needle-like form.
V. CONCLUSIONS
Lithium dendrites are a potential root cause of battery short circuits, thermal runaway, fires, and explosions. However, the inability to observe lithium dendrite growth processes makes it difficult to study the growth mechanisms. This paper developed an optical test fixture which was used to assess dendrite growth behavior under room temperature conditions for current densities in the range of 10 to 125 mA/cm 2 .
This approach resulted in the following observations: the average dendrite growth rate increased with the increasing current density; when the current density increased above 87 mA/cm 2 , the dendrite morphology changed from flat mossy to sharp needle-like in the growth process; and the initial formation of dendrites changed the electrode geometry and enhanced the electrical field intensity near the tip, which makes this area a preferential growth spot in the following charging process. Controlling the current density is an applicable way to modify lithium dendrite morphology. The observed mossy dendrite is consistent with other works. The needle-like dendrite reported in this work is defined at a millimeter scale, which may not have the same meaning as other dendrites defined at a micrometer level. The smooth and dense lithium dendrite formed at 10 mA/cm 2 is worth further investigation to reveal its growth mechanism.
